Aims/hypothesis Glucagon-like peptide 1 (GLP-1) receptor (GLP-1R) agonists and dipeptidyl peptidase-4 (DPP-4) inhibitors attenuate postprandial lipaemia through mechanisms that remain unclear. As dyslipidaemia is a contributing risk factor for cardiovascular disease in type 2 diabetes, we examined the mechanisms linking pharmacological and physiological regulation of GLP-1 action to control of postprandial lipid metabolism.
Introduction
The growing incidence of type 2 diabetes is a major problem [1] and may be associated with a variety of lipid abnormalities that pose cardiovascular disease risk factors, including hypertriacylglycerolaemia, increased levels of small dense LDL and low levels of HDL [2] . At the top of this cascade are intestinally derived chylomicrons containing triacylglycerol-rich apolipoprotein B-48 (ApoB-48), which are secreted following fat ingestion and peripherally catabolised to generate remnant particles [3] . Insulin resistance is positively correlated with remnant-like particle cholesterol [4] and remnant-like particle triacylglycerol is greatly increased in some diabetic populations [5] . Thus, it is of interest to identify therapeutic strategies that can limit postprandial triacylglycerol-rich lipoprotein (TRL) secretion.
The ingestion of nutrients, including fat, provokes the secretion of gut-derived hormones, including two incretins: gastric inhibitory peptide (GIP) from duodenal K cells [6] and glucagon-like peptide-1 (GLP-1) from ileal enteroendocrine L cells [7] . These peptides stimulate insulin secretion in a glucose-dependent manner and preserve pancreatic beta cell function and mass in preclinical studies, as reviewed [8] . A number of extra-pancreatic effects have also been demonstrated following exogenous administration of these two hormones. GLP-1 slows gastric emptying and induces anorectic effects [9] , while GIP has anabolic effects on adipose tissue [10] and regulates adipokine secretion [11] . However, GLP-1 and GIP are rapidly inactivated by dipeptidyl peptidase-4 (DPP-4)-mediated cleavage, thus limiting their duration of action. In type 2 diabetes, the incretin response is blunted, due largely to reduced incretin action [12] . Therefore, there is considerable interest in enhancing incretin action for the treatment of type 2 diabetes mellitus. DPP-4 inhibitors protect endogenous GLP-1 and GIP from N-terminal degradation thereby prolonging their bioactivity. DPP-4 inhibition lowers fasting and postprandial glycaemia in patients with type 2 diabetes mellitus [13, 14] ; hence there is considerable interest in understanding the effects of incretins and DPP-4 inhibitors on plasma lipid profiles [15] . Acute administration of GIP reduces circulating chylomicrons, probably by promoting triacylglycerol catabolism by adipose tissue [16, 17] ; GLP-1 also attenuates postprandial triacylglycerol secretion [18, 19] , although the exact underlying mechanisms are not clear.
In the present study, we used wild-type mice and a hamster model of postprandial dyslipidaemia [20] to study the role of incretin action in controlling intestinal lipid and lipoprotein metabolism. The fructose-fed hamster exhibits intestinal overproduction of TRL [21] , along with aberrant insulin signalling in the absorptive enterocyte [22] . Mice and hamsters were treated with sitagliptin or exendin-4 to potentiate incretin action with or without exendin(9-39) to assess the importance of exogenous GLP-1 receptor (GLP-1R) activation vs endogenous basal GLP-1R signalling for regulation of intestinal lipoprotein metabolism.
Methods
Animals Male Syrian golden hamsters (Mesocricetus auratus) weighing 130 to 150 g were purchased from Charles River (Montreal, QC, Canada) and housed individually with room lighting set for a 12 h light-dark cycle and free access provided to food and water. Animals were acclimatised for 1 week prior to being given either a standard chow diet or a fructose-enriched pelleted hamster diet containing 60% fructose and 20% casein (Dyets, Bethlehem, PA, USA) for 10 days to induce insulin resistance [23] . Hamsters were randomised to receive either sitagliptin phosphate monohydrate (Merck, Whitehouse Station, NJ, USA) (5 mg/kg) or water by oral gavage, each given daily. Chow-fed hamsters were given sitagliptin for 2 weeks while fructose-fed hamsters received sitagliptin for 3 weeks. Blood was collected in the morning for ambient (fed) measurements and after a 6 h fast by retro-orbital bleeding. The hamsters were then killed for the ex vivo protocol or underwent the in vivo protocol. All animal protocols were approved by the Animal Ethics Committee of the Hospital for Sick Children, University of Toronto. Wild-type C57BL/6 J mice (Jackson Laboratory, Bar Harbor, ME, USA), Glp1r −/− and age and sex-matched Glp1r +/+ littermate controls fed normal chow were studied at 10 to 12 weeks of age and maintained under a 12 h lightdark cycle. Treatments in mice used a single dose of sitagliptin (10 mg/kg body weight) or exendin-4 (24 nmol/kg) (administration, see figure legends).
Assessment of intestinal lipoprotein production by in vivo Triton-WR1339 infusion Hamsters were anaesthetised with isoflurane administered through a vaporiser. A cannula was inserted into the right jugular vein, exteriorised at the back of the neck, filled with heparinised saline (40 IU/ml) and sealed. The hamsters were allowed to recover and after a 12 h fast, conscious hamsters were given a 200 μl olive oil load via oral gavage, followed 20 min later by vehicle (saline), exendin-4 (5 nmol/kg) (Bachem, Torrance, CA, USA), exendin(9-39) (50 nmol/kg) (Bachem) or both, administered via intraperitoneal injection, and by a separate bolus of Triton-WR1339 that was diluted 20% (wt/vol.) (0.5 g/kg) and injected into the jugular vein to inhibit lipoprotein catabolism and uptake [24, 25] . Blood (300 μl) was collected from the jugular cannula into lithium heparincoated tubes (BD Biosciences, Franklin Lakes, NJ, USA) at baseline and at 30, 60 and 120 min. The oral gavage, peptide administration, Triton infusion and blood collection were all performed on conscious animals in the absence of anaesthetics. The jejunum was excised under isoflurane anaesthesia.
Mice fasted for 5 or 16 h were given 200 μl olive oil orally. At 20 min after gavage, a blood sample was collected via the tail vein (time 0). Acute sitagliptin administration was given orally to conscious mice 20 min prior to olive oil gavage. At 20 min after fat load, Triton WR-1339 (0.5 g/kg body weight of a 15% [wt/vol.] solution prepared in PBS) was injected via the tail vein with or without exendin-4 (24 nmol/kg). Blood samples were collected via tail bleed without anaesthetics for plasma triacylglycerol and cholesterol assay, and ApoB-48 immunoblotting. At 90 min after Triton WR-1339 injection, mice were killed and cardiac puncture was performed for plasma triacylglycerol and cholesterol assay, ApoB-48 western blot analysis and TRL purification as described below.
Isolation of triacylglycerol-rich lipoproteins To isolate the TRL fraction of the plasma, blood samples were first centrifuged for 15 min at 4°C and 2,300 g to separate the plasma layer. Plasma (150 μl) was overlayed with 4 ml potassium bromide solution (density 1.006 g/ml) in a 5 ml ultracentrifuge tube and centrifuged for 70 min at 116,140 g and at 15°C using a rotor (SW 55 Ti; Beckman Coulter, Mississauga, ON, Canada). The TRL fraction (Svedberg flotation rate [Sf] >400) was collected as the top 300 μl of the tube content.
Chemiluminescent immunoblotting ApoB-48 immunoblotting was performed on TRL fractions and diluted plasma (1:200) by SDS-PAGE analysis as previously described [23] . Membranes were then incubated in electrochemiluminescence detection reagents (GE Healthcare, Piscataway, NJ, USA) and exposed to Hyperfilm (Denville Scientific, Metuchen, NJ, USA). Quantitative analysis was performed using an AlphaImager imaging densitometer (Alpha Innotech, San Leandro, CA, USA).
Ex vivo metabolic labelling of intact primary enterocytes Primary enterocytes were isolated from hamster intestinal tissue as described [21] . Resuspended villi were incubated with 8 mmol/l glucose and 100 pmol/l exendin-4. Hamster enterocytes were preincubated in methioninefree MEM at 37°C for 45 min and pulsed with 1.11 to 1.85 MBq/ml of [ 35 S]methionine for 30 min. The cells were then chased with unlabelled 40 mmol/l methionineenriched DMEM.
Immunoprecipitation, SDS-PAGE and fluorography ApoB-48 immunoprecipitation and SDS-PAGE were performed as described previously [20] . The ApoB-48 bands were excised and quantitative analysis was performed using a liquid scintillation counter. No major differences were noticed in the trichloroacetic acid protein precipitation counts between the control and experimental groups. Media counts were normalised to initial cellular trichloroacetic acid counts. Radioactivity incorporation into ApoB-48 was also visualised with the Storm 840 Phosphor Imager (Molecular Dynamics, Sunnyvale, CA, USA).
Plasma measurements Plasma triacylglycerol and cholesterol were determined by an enzymatic-based colorimetric assay (Randox, Crumlin, UK).
Fast protein liquid chromatography of plasma lipoproteins
Hamster plasma (200 μl) was filtered through a 0.45 μmol/l micro-spin polysulphone filter (Alltech; Mandel Scientific, Lachine, QC, Canada) to remove macroparticles. Plasma was then subjected to gel filtration through a HR 10/300 GL Superose 6 column (Pharmacia, Uppsala, Sweden) with a solution of 10 mmol/l Tris, 150 mmol/l NaCl, 2 mmol/l CaCl 2 , 100 μmol/l DTPA and 0.02% NaN 3 (wt/vol.), pH 7.4 pumped at a flow rate of 0.5 ml/min.
Statistical analysis
All results are presented as mean±SEM. Statistical comparisons were performed using Student's t test when comparing two groups and two-way ANOVA with the Bonferroni post hoc test as indicated in the text and figure legends.
Results
A DPP-4 inhibitor attenuates dyslipidaemia in fructose-fed hamsters As increased incretin action can attenuate postprandial plasma lipid accumulation [18, 19, 26] , we examined the consequences of DPP-4 inhibition for accumulation of triacylglycerol and cholesterol in hamsters fed a high-fructose diet (60%), which promotes dyslipidaemia and mild insulin resistance [23] . A high-fructose diet for 10 days prior to start of sitagliptin treatment produced a significant increase in plasma triacylglycerol and cholesterol (p=0.0002 and p=0.006, respectively) (Fig. 1b, c) , without changes in blood glucose or body weight (Table 1) and no differences in postprandial glucose excursions (data not shown). After 3 weeks of sitagliptin treatment, the fructose-induced increase of plasma triacylglycerol, but not that of plasma cholesterol was significantly attenuated (p< 0.05) (Fig. 1b, c) .
Fast protein liquid chromatography (FPLC) was performed to separate the various densities of lipid particles. In fructose-fed hamsters, levels of VLDL-and LDLtriacylglycerol and -cholesterol were significantly higher than in control animals (data not shown). Sitagliptin significantly reduced levels of VLDL-triacylglycerol by threefold (Fig. 1e) . LDL-and HDL-triacylglycerol levels were slightly but not significantly decreased by sitagliptin treatment (Fig. 1e ). Whereas total plasma cholesterol was not altered by sitagliptin, LDL-cholesterol was reduced and a significant decrease in VLDL-and HDL-cholesterol ( Fig. 1f, d ) was observed in sitagliptin-treated vs control animals (p<0.05).
A DPP-4 inhibitor decreases intestinal production of TRLtriacylglycerol and TRL-cholesterol To understand how sitagliptin modulates plasma lipoprotein levels, we assessed intestinal lipoprotein production and secretion after treatment of chow fed hamsters with sitagliptin for 2 weeks. Sitagliptin slightly reduced TRL cholesterol ( Fig. 2b) and ApoB-48 ( Fig. 2d) in TRL fraction after an acute fat load, while the accumulation of TRL-triacylglycerol was unaffected (Fig. 2c) . In contrast, sitagliptin significantly reduced the amount of triacylglycerol in TRL fraction 90 min after the fat load (Fig. 2g ) in fructose-fed hamsters and lowered TRL-cholesterol (Fig. 2f) and ApoB-48 (Fig. 2h) To determine whether the effect of sitagliptin on plasma levels of cholesterol and triacylglycerol was restricted to hamsters, chylomicron production was assessed in chowfed mice. Sitagliptin significantly decreased cholesterol in plasma (Fig. 3b) and in the TRL-enriched fraction (Table 2) after an acute fat load; furthermore, plasma triacylglycerol (Fig. 3c) and TRL-triacylglycerol (Table 2) were significantly reduced 90 min after triton injection in sitagliptintreated mice. The accumulation of ApoB-48 in plasma was also decreased by sitagliptin (Fig. 3d) .
Pharmacological activation of GLP-1R mimics the effects of sitagliptin on intestinal lipid absorption As GLP-1 and GIP regulate plasma lipid levels and are DPP-4 substrates, we measured intestinal lipid absorption in mice after acute administration of the DPP-4-resistant peptides, D-Ala 2 -GIP and exendin-4. As shown in Fig. 4 , D-Ala 2 -GIP significantly increased levels of plasma triacylglycerol and ApoB-48 after an acute fat load (Fig. 4b, c) . GIP, therefore, could not have been responsible for the actions of sitagliptin on intestinal lipid absorption. In contrast, the GLP-1R agonist exendin-4 reduced plasma and TRL-triacylglycerol and ApoB-48 accumulation (Fig. 4e, f, Table 2 ), but no effect was noted on plasma and TRL-cholesterol (Fig. 4c, Table 2 ). Hence, activation of GLP-1R but not GIP receptor signalling mimics the actions of sitagliptin on intestinal lipid absorption.
Insulin and glucagon are involved in the regulation of lipaemia and activation of GLP-1R signalling has been shown to stimulate insulin secretion and inhibit glucagon secretion. Accordingly, we measured plasma insulin and A: Mice were given sitagliptin 20 min prior to fat load. For methods and plasma levels of triacylglycerol, cholesterol and ApoB-48, see Fig. 3 B: Mice were given insulin, D-Ala 2 -GIP or exendin-4 20 min after fat load. For plasma levels of triacylglycerol, cholesterol and ApoB-48, see Fig. 1a) . However, this transient difference in plasma insulin levels is unlikely to account for the effect of sitagliptin or exendin-4 on intestinal lipid absorption or for the difference in magnitude of the effect of those two treatments, as plasma insulin levels were no longer significantly different between the groups 20 min after the fat load (ESM Fig. 1a ). More importantly, exogenous insulin administration had no effect on triacylglycerol accumulation in mice (ESM Fig. 1b) . Furthermore, acute administration of sitagliptin or exendin-4 to fasted mice in association with a subsequent oral fat load had no significant effect on plasma glucagon levels (ESM Fig. 1c) .
As exendin-4 is a rapid and potent inhibitor of gastric emptying, which in turn might contribute to decreased intestinal lipid absorption, we monitored intestinal lipid absorption when exendin-4 was administered 1 h after the oral fat load to facilitate entry of olive oil into the mouse small bowel. Under these conditions, exendin-4 still significantly decreased triacylglycerol and ApoB-48 accumulation in plasma (Fig. 4h, i ) and TRL fraction ( Table 2) .
Endogenous GLP-1R signalling is required for control of postprandial lipaemia We next investigated the role of GLP-1 in the regulation of intestinal lipid absorption in mice and hamsters after an acute fat load. Exendin-4 decreased triacylglycerol and cholesterol in VLDL/chylomicron remnant-sized lipoproteins in chow-fed hamsters not given a bolus of Triton WR-1339 (Fig. 5b) and significantly reduced levels of ApoB-48 in the TRL fraction 90 min after a fat load (Fig. 5c) . The GLP-1R antagonist, exendin(9-39), blocked the exendin-4-mediated reduction of TRL-ApoB-48 and, administered alone, augmented levels of TRL-ApoB-48 120 min after fat load (Fig. 5c ), indicating that endogenous basal GLP-1R signalling modulates postprandial lipaemia.
Consistent with data obtained using the GLP1-R antagonist exendin(9-39) in hamsters, triacylglycerol accumulation in plasma (Fig. 5e ) and TRL fraction (Table 2) was significantly enhanced in Glp1r −/− mice compared with Glp1r +/+ littermate controls, despite the fact that Glp1r
mice have a gastric emptying rate similar to Glp1r +/+ littermate controls [27] . There was also significantly greater (Table 2) . Therefore, the modulatory actions of basal GLP-1R signalling on intestinal lipid absorption are not due to regulation of gastric emptying and implicate the endogenous GLP-1R in the control of intestinal lipid absorption.
Intact GLP-1R signalling is required for the hypolipidaemic action of sitagliptin To determine whether the actions of sitagliptin on postprandial lipid secretion required GLP-1R signalling, the GLP-1R antagonist exendin(9-39) was coadministered with sitagliptin 20 min before the fat load. Sitagliptin attenuated postprandial triacylglycerol excursions in mice (Fig. 5i) , but did not significantly affect plasma cholesterol levels (Fig. 5h) . Furthermore, the GLP-1R antagonist exendin(9-39) eliminated the hypolipidaemic actions of sitagliptin on plasma triacylglycerol levels (Fig. 5i) . Exendin-4 directly reduces enterocyte ApoB-48 secretion We next evaluated the effect of exendin-4 treatment on enterocytes isolated from chow-fed hamsters. Pulse chase studies in primary enterocytes showed that cellular ApoB-48 was not changed in exendin-4-treated hamsters (Fig. 6a) . In contrast, exendin-4 decreased the amount of secreted ApoB-48 from enterocytes of chow-fed hamsters (Fig. 6b ) (p<0.01 at 60 min, p<0.001 at 90 min). Hence GLP-1R activation directly regulates enterocyte ApoB-48 secretion ex vivo.
Discussion
Dipeptidyl peptidase-4 inhibitors exert their actions in part via augmentation of GLP-1 action, which leads to reduction of glucagon, increases in insulin and reduced glycaemia in human participants [28, 29] . Moreover, GLP-1 administration reduced postprandial circulating lipid levels in human participants [18] , although the underlying mechanisms remain uncertain. In the current study, we found that sitagliptin decreased triacylglycerol accumulation, specifically in the VLDL fraction, in hamsters and mice. Sitagliptin treatment also decreased ApoB-48 accumulation in plasma, specifically in the intestinally produced TRL fraction. Treatment with DPP-4 inhibitors can significantly decrease postprandial triacylglycerol, cholesterol and ApoB-48 levels in humans [30, 31] ; however, DPP-4 inhibition has minimal effects on fasting lipid levels [30] . Our data indicate that a prominent aspect of sitagliptin's effects on plasma triacylglycerol levels is the decrease in levels of VLDL. This suggests that the major effect of augmenting GLP-1 action is the reduction in number and/or size of large TRL particles.
Our observations demonstrate that sitagliptin and exendin-4 exert qualitatively similar effects on postprandial lipid profiles, consistent with the notion that increased GLP-1 action is likely to be responsible for the reduced circulating lipid levels and reduced intestinally derived TRL observed following sitagliptin administration. Nevertheless, exendin-4 more potently reduced postprandial triacylglycerol synthesis and secretion compared with sitagliptin, consistent with the relatively greater GLP-1R activation achieved with exendin-4 relative to sitagliptin. Moreover, inhibition of DPP-4 activity is also associated with potentiation of GIP action, which might be expected to partially attenuate the hypolipidaemic effects mediated through the GLP-1R. Although increased levels of insulin may also reduce plasma triacylglycerol levels and ApoB-48 secretion from the intestine [32] , administration of exogenous insulin did not affect intestinal lipid absorption (ESM Fig. 1b) , ruling out insulin as a mediator of sitagliptin's or exendin-4's effects on postprandial lipaemia.
We also present data clarifying the putative role(s) of GIP or glucagon in the actions of sitagliptin on intestinal lipid secretion. Although glucagon has been reported to inhibit lipid secretion from hepatocytes [33] , circulating levels of glucagon were not reduced following sitagliptin administration in our current experiments. Furthermore D-Ala 2 -GIP did not reduce, but actually promoted postprandial triacylglycerol and ApoB-48 secretion. These experiments, taken together with data using exendin(9-39) and Glp1r −/− mice implicate GLP-1 as the predominant mediator of sitagliptin action on intestinal ApoB-48 secretion. Our data also demonstrate overlapping effects of sitagliptin and exendin-4 treatment on plasma and TRL lipoprotein levels. Sitagliptin decreased cholesterol, triacylglycerol and ApoB-48 levels in the TRL fraction of fructose-fed hamsters. Similarly, exendin-4 decreased ApoB-48 secretion in chow-fed hamsters and in freshly isolated primary enterocyte cultures. These observations suggest for the first time that GLP-1 directly regulates lipoprotein assembly and/or secretory machinery in the enterocyte. However, additional work is required to understand the molecular mechanism underlying the suppressive effect of GLP-1 on ApoB-48-TRL production.
An important aspect of our studies is the demonstration that reduction or elimination of GLP-1R signalling results in detectable changes in postprandial lipoprotein profiles. Specifically, administration of exendin(9-39) alone resulted in increased levels of TRL ApoB-48 in hamsters, whereas levels of ApoB-48 and triacylglycerol mass were increased in Glp1r −/− compared with Glp1r +/+ mice. Hence, these findings establish an essential role for basal levels of GLP-1R signalling in the control of intestinal lipoprotein synthesis/secretion in vivo.
In summary, our data support an important role for the GLP-1R signalling system in regulating intestinal lipid and lipoprotein metabolism. Augmentation of GLP-1R signalling lowers postprandial circulating levels of triacylglycerol, cholesterolrich TRL and chylomicrons containing ApoB-48. The current study suggests that enhanced GLP-1 action, achieved via DPP-4 inhibition or use of GLP-1R agonists, may contribute to control of postprandial lipid excursion through control of intestinal lipoprotein synthesis and secretion.
